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ABSTRACT
There has been a gradual development and adaptation of mechanized harvesting
equipment in the last hundred years. There is also a gradual change in the silvicultural and
forest management practices. Thinning and restoration cuts are being implemented to
manage overstocked and unmanaged pine forests by using mechanized harvesting
equipment. However, a challenge that occurs with the first thinning and restoration cuts is
the utilization of the small-diameter trees and logging residues. Landowners, foresters, and
loggers are thus interested in finding the most profitable option to utilize those logging
residues produced during such harvesting operations. Another challenge that occurs with
the restoration treatment using heavy machinery is forest soil compaction. Therefore, in
chapter I, I develop a decision support tool for biomass harvesting in forest restoration
efforts. It predicts the stumpage value for a set of stand and site conditions, access to
markets, and two different harvesting options (conventional roundwood harvest and a
biomass harvest). When the biomass value is higher than the pulpwood value, selling the
wood chips to the local biomass market located within 64 km would result in a higher
economic return than the conventional system. Whereas, when the biomass value is lower
than the pulpwood value, it is profitable to sell pulpwood to the pulp mills located within
120 km, even if the biomass market is only 64 km far. In chapter II, I review literature
about the factors affecting the productivity and cost in a whole tree harvesting system. For
every 0.4-inch increase in the average diameter of a tree, the productivity of tracked fellerbunchers increases by 10%. In chapter III, the causes and effects of soil compaction during
logging operation are reviewed. It is necessary to minimize soil compaction by using
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suitable harvesting equipment, eliminating mechanized harvesting if the slope is greater
than 20%, avoiding areas when the soil moisture content is above 30%, and implementing
best management practices during and after harvesting. In chapter IV, I have presented
potential research questions for future researchers, a scientific study on the quality of wood
chips from different forest stands and a periodic study of forest soil compaction
corresponding to the site conditions and harvesting equipment in South Carolina.
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INTRODUCTION
In the Southern United States, reforestation efforts practiced between the 1950s and
the early 2000s have established over 30 million acres of pine plantation stands (Fox et al.,
2007; Hernández et al., 2012; South & Harper, 2016; Wear & Greis, 2002). The plantation
stands were left without timely implementation of silvicultural practices (Bolding &
Lanford, 2001; Fox et al., 2004; Schultz, 1997; Smith et al., 2001). As a result, fast-growing
trees developed into a dense forest with small-diameter trees, and most of the forest area
has a problem of overstocking (Bolding & Lanford, 2001; Gan & Mayfield, 2007b;
Schultz, 1999). Many forest areas accumulated a high amount of fuel stock that increased
the potential risk of forest fire and disease outbreaks (Bolding & Lanford, 2001; Gan &
Mayfield, 2007a; Nowak et al., 2015). In response to these consequences, multiple
restoration efforts have been started to convert the unmanaged and over-stocked pine forest
stands into working forests. Thinning is an effective forest management tool that can
reduce the competition among species and promotes tree growth (Haywood, 2005; Xi et
al., 2012). However, thinning is a cost-consuming management practice and produces
small-diameter trees and logging residues that demand a specialized market to capture their
economic value (Bolding, 2002; Evans, 2008; Winsauer et al., 1984). Traditionally,
logging residues from thinning and restoration cuts are considered unmerchantable (Stokes
et al., 1989). The development and use of mobile chippers have increased the opportunity
to recover non-merchantable stems that would otherwise be left on site (Bolding &
Lanford, 2001). Although the volume of logging residue available is high, the utilization
xi

of logging residue as a bioenergy feedstock is in question due to high cut and haul costs
and a low market value (Bolding, 2002; Shabani et al., 2013; Stokes et al., 1989;
Tahvanainen & Anttila, 2011). The study aimed to develop a decision support tool to
predict the stumpage value from conventional and biomass harvests based on the distance
to a pulp or biomass market, delivered prices of the products, and cut and load rates. As
profit maximization is one of the objectives of the landowners, it is also necessary to
understand the factors that affect productivity and cost in the harvesting system used.
The whole tree harvesting system is the most used in the southern United States;
thus, the focus of this study is on the whole tree harvesting system that includes fellerbuncher, grapple skidder, knuckle-boom loader, and pull through delimber. As the modern
forestry business is prioritizing mechanized harvesting to improve the productivity from
logging activities, information about productivity and cost is necessary to be updated on a
regular basis. Timber harvesting faces challenges from several factors like equipment cost,
transportation distance, size of a tree, season of harvesting, and slope (Hiesl, 2013). On the
one hand, mechanized harvesting improves the productivity and time consumption of
harvesting operations. On the other hand, heavy mechanized equipment causes soil
compaction and increases the risk of soil erosion (Gent et al., 1984; Han et al., 2009). The
damage to the soil caused by the harvesting equipment varies with the type of soil,
harvesting equipment, number of machine cycles, season of logging, and slope (Ares et al.,
2005; Cambi et al., 2015; Solgi & Najafi, 2014).
This thesis has been carried out to support forest restoration efforts in the southern
US by providing information about the conventional roundwood harvesting and biomass
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harvesting. This study can inform forest landowners, consulting foresters, and loggers
about options to further maximize their economic return from timber harvesting operations.
The main objectives are to 1.) Develop computer simulation models to predict the
stumpage value from conventional and biomass harvests 2.) Identify factors that affect the
productivity and cost in the whole tree harvesting system, and 3.) To review how logging
activities, cause soil compaction and to suggest strategies that prevent soil compaction.
In chapter I, “Decision support tool for biomass harvesting in forest restoration
efforts,” a brief overview of the conventional roundwood market and biomass market is
given. Loblolly pine plantation stands are simulated, and linear regression models are
developed for a conventional roundwood harvesting system and biomass harvesting system
that predicts the stumpage value based on stand and site conditions, market conditions, and
a distance to the nearest market.
In chapter II, “Factors affecting productivity and cost in the whole tree harvesting
system,” literature is reviewed to summarize the significant factors and explain how the
factors affect the productivity and cost in the whole tree harvesting system. In chapter III,
“The impact of logging operations on forest soil compaction,” the causes and effects of soil
compaction during logging operations are explained and common measures that are being
practiced preventing soil compaction are also presented. In chapter IV, “Conclusions and
future works,” I have suggested some research questions; findings of the research, if
implemented, may have great importance in the field of forest operation and biomass
markets.
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CHAPTER I
DECISION SUPPORT TOOL FOR BIOMASS HARVESTING IN FOREST
RESTORATION EFFORTS

Abstract
In the United States, a rising number of biomass facilities have created new market
opportunities for landowners, loggers, and timber buyers, which could discourage the
traditional approach of selling pulpwood to a pulp mill and may affect the price and
availability of traditional pulpwood products. Private forest landowners, consulting
foresters, loggers, and mills may be interested in comparing potential stumpage values
resulting from conventional roundwood harvesting and harvests entailing mostly biomass
production. In this study, I considered two different harvesting systems: conventional/
roundwood and biomass/fuel chips production systems. The goal of this study was to
develop a decision support tool to estimate the final stumpage value from both harvesting
systems based on stand and site conditions, market conditions, and the distance to markets.
I grew (simulated) loblolly pine plantations to six different thinning ages (12, 14, 16, 18,
20, and 22 years) at five different site indices (17, 20, 23, 26, and 29 meters at a base age
of 25 years) using the PTAEDA4.0 software. The data consisted of 1,428,840 observations
for each harvesting system. Different models were fitted and evaluated for certain training
and validating criteria. In both harvesting systems, the cube root-transformed model was
selected as the best model. The selected models serve as a decision support tool to inform

forest landowners, consulting foresters, loggers, and mills to further maximize their
economic return from timber harvesting operations by selecting the most profitable option.
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1.1 Introduction
The southern United States experienced extensive reforestation efforts between the
1970s and early 2000s (Hernández et al., 2012; Schultz, 1999; Smith et al., 2001; South &
Harper, 2016). Pine plantations were a huge success and by the end of the 20th century, the
southern US was recognized as the wood basket of the world (Fox et al., 2007; Schultz,
1997). Pine plantations grew vigorously and became overstocked with small-diameter trees
that demand the implementation of a first thinning (Bolding & Lanford, 2001; Gan &
Mayfield, 2007b; Nowak et al., 2015; Smith et al., 2001). The overstocked plantation
stands accumulate extra biomass and are vulnerable to pest attacks and wildfires (Bolding
& Lanford, 2001; Gan & Mayfield, 2007a; Nowak et al., 2015; Xi et al., 2012).
Simultaneously, multiple restoration efforts have been started to convert forest stands to
historically fire-dependent habitats or return them into working forests after decades of
foregone management (Anderson et al., 2016; Anderson & Mitchell, 2016; Guldin, 2019;
Nowak, 2004; Rankin & Herbert, 2014). A challenge, however, that occurs with these first
thinning and restoration cuts is that a large quantity of the trees are unmerchantable and
thus require a specialized market to capture some of the stands economic value (Evans,
2008; Leinonen, 2004; Vogt et al., 2005; Westbrook et al., 2007).
Thinning is a silvicultural practice of reducing stem density to increase tree vigor
and growth while simultaneously reducing the fire hazard and disease outbreaks
(Haywood, 2005; Neary & Zieroth, 2007; Xi et al., 2012). Traditionally, logging residues
from thinning and restoration cuts are considered unmerchantable for traditional forest
products such as pulp, lumber, or poles, and are left on the forest floor, which increases the
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risk of forest fire and hinders regeneration (Bolding & Lanford, 2001; Evans, 2008;
Leinonen, 2004; Perlack et al., 2005). In a typical harvest, 78% of the harvest volume is
used as roundwood and the remaining 22% is considered as residues (Smith et al., 2004).
Of the total amount of biomass removals produced in the United States, the southern US
contributes 64% (Smith et al., 2001). Around 50 to 85 tonnes of logging residues remain
per hectare following conventional harvesting operations (Eisenbies et al., 2009). This has
the potential to yield approximately 32 million dry tonnes of residues (hog fuel) annually
for energy production (Eisenbies et al., 2009). Although the volume of available logging
residue is high, the utilization of logging residue as a bioenergy feedstock is in question
due to high cut and haul costs and a low market value (Bolding, 2002; Evans, 2008;
Leinonen, 2004; Shabani et al., 2013; Smidt et al., 2012). The development and use of
mobile chippers have increased the opportunity to recover non-merchantable stems that
would otherwise be left on site (Bolding & Lanford, 2001; Jernigan et al., 2013; Stokes et
al., 1987). Wood chips produced by these chippers can further be processed to produce
wood pellets (Belyakov, 2019), a valuable source of bioenergy (Gold, 2009; Nickens,
2014). The rapid growth of the wood pellet sector in the US is being driven by the soaring
demand for wood pellets in the European market to meet the European Union energy target
to generate 20% of their electricity from renewable sources by 2020 (Gold, 2009; Joudrey
et al., 2012) and at least 32% by 2030 (Eurostat, 2020). Globally, the consumption of wood
pellets is increasing and has increased by 60% between 2010 and 2016 (Belyakov, 2019).
With the increase in fossil fuel prices and concerns about climate change, people are also
willing to support cleaner energy and are ready to pay more for wood-based biofuels (Peksa
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et al., 2007; Susaeta et al., 2010). Some studies have also reported that the utilization of
forest biomass for bioenergy development has a great potential for providing extra income
to forest landowners (Nesbit et al., 2011; Vogt et al., 2005). In addition, the utilization of
unmerchantable products as a source of energy reduces the risk of fire hazards and pest
attacks and enhances forest sustainability (Leinonen, 2004; Richardson, 2006; Vogt et al.,
2005).
A rising number of biomass facilities have also created new market opportunities
for landowners, loggers, and timber buyers, which could discourage the traditional
approach of selling pulpwood to a pulp mill and may affect the price and availability of
traditional pulpwood products (Bowyer, 2008; Conrad et al., 2011; Conrad & Bolding,
2011; Galik et al., 2009). Roundwood quality pulpwood has great potential to be used as a
source of energy for the wood energy market, but its viability depends on the market price
of the products, price of fossil fuel, and the trucking distance (Conrad et al., 2013; Perlack
et al., 2005). When the delivered price of fuel chips is comparable with the delivered price
of pulpwood, there would be competition between the bioenergy and traditional pulpwood
markets (Conrad & Bolding, 2011). However, some studies report that even if the market
price for wood chips is low compared to the pulpwood price, the increasing demand for
biomass for bioenergy may cause competition between pulp mills and energy companies
(Benjamin et al., 2009; Hillring, 2006). Some studies have also suggested that when the
fossil fuel price is high while roundwood delivered price is low, it may lead to a situation
where all the pulpwood materials, as well as other biomass, could be profitable to use as
bioenergy (Kumarappan et al., 2009; Perlack et al., 2005). A study by Conrad et al. (2013)
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reported that the utilization of roundwood or wood chips also depends on their production
cost. The cost of conventional roundwood production is typically less than the cost to
produce wood chips. Transportation costs have been a primary hurdle to the utilization of
woody biomass (Evans, 2008; Moskalik & Gendek, 2019; Smidt et al., 2012) as they
account for 25% to 50% of the total stump to mill cost depending upon the price of fuel
and haul distance (Mcdonald et al., 2001; Pan et al., 2007). In the southern US, the average
hauling rate of biomass for a haul distance below 64 km (40 miles; minimum hauling
distance) is around $0.089/tonne/km. For distances above 64 km, the rate increases to
$0.103/tonne/km (TimberMart-South, 2020). Transporting a product at a shorter distance
is cost-effective as it lowers the transportation cost (Aguilar, 2009). Thus, the distance to
the respective market or pulp mill should be considered when making harvesting decisions.
Some of the world’s largest pellet manufacturers have been established in the
southern US and account for 46% of the total biomass production of the US (Spelter &
Toth, 2009). Out of 122 operational wood pellet plants in the US, 43 are in the southern
US (Georgia=8, Virginia= 7, North Carolina= 6, Alabama=4, Tennessee= 3, South
Carolina=3, Arkansas=3, Mississippi=3, Florida=2, Texas=2, Kentucky=2). One new
pellet plant has been proposed to be constructed in North Carolina, and three new plants
are under construction (AL=2, MS=1) (Voegele, 2021). Among the 43 wood pellet plants,
31 plants demand softwood as feedstock. In the US South, between 1980 and 2005, twentynine pulp and paper facilities were closed (Johnson et al., 2008). In 2010, the number of
pulp and paper facilities was 99 (Prestemon et al., 2010). In 2020, the total number of pulp
mills in the southern US was 63, of which only 49 utilize softwood materials
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(https://primary.forestproductslocator.org/mill-map). The decreasing trend of pulp and
paper mills indicates that the forest products industry may not compete with the growing
biomass market (Conrad & Bolding, 2011). With the increasing number of new biomass
markets, the probability of the landowners residing within the procurement range of any
one of these facilities increases, resulting in shorter trucking distances to a biomass market.
In addition, some southern states have financial incentives promoting bioenergy
(Alavalapati et al., 2009). Agencies like the Georgia Environmental Facilities Authority,
Georgia Forestry Commission, and Georgia Department of Economic Development
promote bioenergy development (Dwivedi, 2010). Some states are also encouraging the
operation of biofuel plants by providing subsidies; for example, Virginia’s $0.10/gallon
incentive, which is not provided to other forest product industries (Conrad & Bolding,
2011). In the southern US, woody biomass consumption is increasing and is estimated to
range between 150 and 316 million green tonnes by 2050 (Alavalapati et al., 2013). As the
demand and consumption for biomass increase, loblolly pine plantation would be the most
preferred feedstock because of the high productivity in the southern US and its adaptability
to varied environmental conditions (Kline & Coleman, 2010; U.S. Department of Energy,
2011). With an increasing wood pellet demand, private forest landowners are willing to
plant pine on non-forested areas for new sources of revenue from woody bioenergy (Galik
& Abt, 2016; Lal et al., 2016; Wolde et al., 2016).
Profitability from harvesting operations is one of the objectives of landowners. To
get a higher economic benefit from harvesting, it is crucial to supply to the proper markets
that allow for the highest economic return. This could be the traditional roundwood
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markets, a bioenergy market, or a mix of both. Private forest landowners, consulting
foresters, and loggers may be interested in comparing the stumpage values from
conventional roundwood only harvesting and harvests entailing mainly biomass
production. The study aimed to develop a decision support tool to predict the stumpage
value from roundwood only and biomass harvests based on the site index, thinning age,
distance to a pulp or biomass market, delivered prices of the products, cut and load rates,
and chipping rates. The purpose of these models is to inform forest landowners, consulting
foresters, and loggers about options further to maximize their economic return from timber
harvesting operations.
1.2 Methods
1.2.1 Loblolly Pine Stand Simulations
Loblolly pine (Pinus taeda L.) is the most widely planted species in the
southeastern US (McKeand et al., 2003). For this study, I used a simulation approach to
estimate harvest volumes in first thinning for a range of stand ages and site indices.
Loblolly pine stands and individual tree growth were simulated using the growth and yield
simulator PTAEDA4.0; software developed to specifically model growth in loblolly pine
plantations (Burkhart et al., 2008). I grew (simulated) loblolly pine plantations to six
different thinning ages ( 12, 14, 16, 18, 20, and 22 years) on five different site indices 17,
20, 23, 26, and 29 meters at a base age of 25 years (55, 65, 75, 85, and 95 feet at a base age
of 25 years) for the Piedmont region of South Carolina. Our simulation used a 2.44 meters
x 2.44 meters (8-foot x 8-foot) planting spacing with a stand density ranging from 1653
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trees per hectare to 1712 trees per hectare (669 to 693 trees per acre). I used this spacing to
represent plantations that may have been established 12 to 22 years ago that utilized such
spacing and are now in need of a first thinning. All the simulated sites consisted of welldrained soils, chop and burn site preparation, no application of fertilizer, and a combination
of 5th row thinning and thinning from below (low thinning, to leave large trees to occupy
the site and remove small trees) for the first thinning. Each simulated stand was thinned to
a residual basal area of 18 square meters per hectare (80 square feet per acre) (Brown et
al., 1987; Fettig et al., 2007; Nowak et al., 2008). I recorded the stand density before and
after the thinning, and collected removal volumes for the total biomass, pulpwood, chip
and saw (CNS), and sawtimber for each simulated stand. Minimum merchandising
diameters at breast height (dbh) for pulpwood, CNS, and sawtimber were 5”, 8”, and 12”,
respectively. Similarly, the top diameter (outside bark) limits for pulpwood, CNS, and
sawtimber were 3”, 7” and 10”, respectively. Residual biomass (tops and limbs) volume
was calculated by subtracting pulpwood, CNS, and sawtimber volumes from the total
volume provided by PTAEDA4.0. All data were recorded in a Microsoft Excel file.
1.2.2 Harvesting Systems
For this study, I considered two different harvesting systems. The first system
(conventional /roundwood system) is a whole-tree harvesting system using a drive-to-tree
feller-buncher, grapple skidder, knuckle-boom loader, and pull-through delimber. For this
system, I assumed that all roundwood was delivered to the appropriate pulp, chip and saw,
and sawmills, and that any residual biomass was left in the forest. The second system
(biomass system/fuel chip production) uses the same machines as the conventional system
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with the addition of a mobile chipper. For this system, I assumed that all the pulpwood and
low-value tops and limbs were chipped and delivered to a biomass market as fuel chips.
CNS and sawtimber were assumed to be delivered to their respective mills as roundwood
products. In this study, I did not look at any utilization rate of the equipment.
1.2.3 Cost and Revenue Calculation
The Excel sheet with the stand and volume information was imported into the
statistical software package R 3.6.0 (R Core Team, 2019) for cost and revenue calculations.
I estimated the thinning age, chipping, and trucking costs, as well as revenue, stumpage
values for each system, thinning age, and site index combination. In the conventional
system, the thinning cost of pulpwood was calculated by multiplying pulpwood volume by
the cut and load rate (Table 1.1). The cut and load rate includes the logger’s profit and the
cost of skidding as provided by TimberMart-South). Similarly, CNS and sawtimber
thinning costs were calculated using the respective product volume multiplied by the cut
and load rate. In the biomass system, chipping cost was calculated using the pulpwood
thinning cost calculated for the conventional system, and multiplying the total volume of
pulpwood, tops, and limbs by the chipping rate (Table 1.1) account for the cost of the
mobile chipper. For hauling distances of 64 km (40 miles) or less, the transportation cost
was calculated by multiplying the volume of all products by the minimum haul distance
(64 km) and the minimum haul rate of $0.089/tonne/km. For distances above 64 km, I
calculated an incremental charge using the distance above 64 km multiplied with the
incremental haul rate of $0.103/tonne/km. I then added the two values together. The
revenue from each system was calculated by multiplying the volume of the respective
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products by its mill delivered price (Table 1.1). I used a range of input values for all
calculations but kept the mill delivered price of CNS and sawtimber, distance to CNS mill,
and distance to sawmill constant (Table 1.1). In the conventional system, the total stumpage
value was obtained by subtracting thinning cost and trucking cost from the revenue of the
respective products. In the biomass system, the total stumpage value was obtained by
subtracting thinning cost, chipping cost, and trucking cost from the revenue of the
respective products. Stumpage is a dynamic market value based on the supply and demand
of wood products. The term stumpage used in this study is a mean residual value that
correlates to the maximum possible stumpage. I used the term stumpage to make the study
easy to understand.
I used the high-performance computing Palmetto cluster at Clemson University to
facilitate the calculations for the given range of input variables. All simulations and
calculations were carried out in English units and later were converted to metric units using
the following conversion factors: 1 mile = 1.609 km, 1 ton = 0.907 tonnes, 1 acre = 0.405
hectares.
Table 1. 1Range of input values used for cost, revenue, and stumpage calculations for
conventional and biomass systems.
Minimum
Maximum
Variables

Cut and load rate($/tonne)

Value

Value

Increment

$12.12

$14.33

$1.102

($11/ton)

($13/ton)

($1/ton)

$2.20
Chipping rate($/tonne)

($2/ton)
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$1.102
$4.41($4/ton)

($1/ton)

$24.24

$35.26

$2.204

($32/ton)

($2/ton)

$22.04

$35.27

$2.204

($20/ton)

($32/ton)

($2/ton)

$38.58

$38.58

($35/ton)

($35/ton)

Pulpwood mill delivered price($/tonne) ($22/ton)

Chip mill delivered Price($/tonne)

CNS mill delivered price($/tonne)
Sawtimber

mill

delivered $46.28

price($/tonne)

Distance to pulpwood mill (km)

Distance to biomass market

-

$46.28

($42/ton)

($42/ton)

-

64

225

32

(40 miles)

(140miles)

(20 miles)

64

129

32

(40 miles)

(80 miles)

(20 miles)

(km)
97
Distance to CNS mill (km)

(60 miles)

97

-

Distance to sawmill (km)

97

97

-

Source: TimberMart-South first quarter of 2020 (TimberMart-South, 2020). Values
presented in parenthesis are given in English units.
1.2.4 Model development and selection
For each harvesting systems, I developed one linear regression model to predict a
stumpage value ($/hectare) based on a set of independent variables. The independent
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variables used in the conventional system were a volume of pulpwood, CNS, and
sawtimber, site index, thinning age, cut and load rate, pulp delivered price, CNS delivered
price, sawtimber delivered price, distance to pulpwood mill, distance to CNS mill, and
distance to sawtimber mill. The independent variables used in the biomass system were a
volume of fuel chips, CNS, and sawtimber, site index, thinning age, cut and load rate,
chipping rate, chip delivered price, CNS delivered price, sawtimber delivered price,
distance to biomass market, distance to CNS mill, distance to sawtimber mill. I calculated
the measure of central tendency and dispersion of all the variables. Scatter plots were used
to check whether the relationships between independent and dependent variables were
linear. I assumed that our large simulated data (14,28,840 observations per system) was
normally distributed (Kwak & Kim, 2017; Lumley et al., 2002). I performed backward
elimination to find the significant variables. A constant value of $1005 and $1000 per
hectare was added to the dependent variable in the conventional system and biomass
system, respectively, to turn any negative values into positive values. To improve the
homoscedasticity of variance, I applied common transformations: square root, log, and
cube root to the dependent variable. Multicollinearity was tested to remove variables that
were highly correlated (Pearson’s r >0.60) (Mcgregor et al., 2012).
Cross-validation was carried out to check the performance of the models on new
data sets. In each system, the data was split into two parts. 75% of the data (training set)
were randomly selected to develop the models, while the remaining 25% of data (test set)
were used for model validation. For the training data set, the goodness of fit statistics for
models such as the significance of parameter estimates, coefficient of determination R2,
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and root mean square error (RMSE) were assessed. I used a 10-fold cross-validation
approach for parameter optimization (Kohavi, 1995; Liski et al., 2020) and RMSE was
selected as a criterion for model selection (Liski et al., 2020). Prediction errors of the test
set were compared for evaluating the prediction ability of the models. For each system, the
best-fitted model on both stages, i.e., training and validation, were selected and the models
were fitted to the whole training/test validation data (Liski et al., 2020). The ordinary least
square method was used at an alpha level of 0.05 (Koirala et al., 2017) using a statistical
software Package R 3.6.0. Models were back transformed to the original units.
1.3 Results
Simulation of the pine plantation stand resulted in 1,428,840 observations per
system. Out of the total volume obtained, 55% to 85% of the volume was accounted for
pulpwood, followed by CNS (> 2% to 40%), and sawlog (< 2%). A higher volume resulted
in increasing thinning age.
1.3.1 Conventional System
I removed CNS distance, sawtimber distance, CNS delivered price, and sawtimber
delivered price because the value of these variables was kept constant. Results of the
multicollinearity test showed that pulpwood volume, CNS volume, and sawtimber volume
were highly correlated with site index and thinning age (r > 0.6). I choose site index and
thinning age as our predictor variables instead of the product volumes because these
variables are commonly available to foresters. In the conventional system, site index (SI),
thinning age (TA), cut and load rate (CLR), distance to a pulpwood mill (PD), and
pulpwood mill delivered price (PDP) were significantly different (p < 0.05). The cube root-
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transformed model (M3) (Eqn. 1; Table 1.2) was selected among other candidate models
based on statistical evidence given. The adjusted R2 of the square root-transformed model
(M1) and M3 was higher than the log-transformed model (M2). The prediction error of M2
was lowest, followed by M3 and M1. However, RMSE and Mean Absolute Error (MAE)
of M3 were the lowest, followed by the M2 and M1 (Table 1.3).
𝑆𝑡𝑢𝑚𝑝𝑎𝑔𝑒($/ℎ𝑒𝑐𝑡𝑎𝑟𝑒) = ( 4.256 + 0.05585 × 𝑆𝐼 + 0.2021 × 𝑇𝐴 − 0.2633 ×
𝐶𝐿𝑅 − 0.02029 × 𝑃𝐷 + 0.2010 × 𝑃𝐷𝑃)3 − 1005

𝑒𝑞𝑛. 1

Table 1. 2 Result showing the predictor variables affecting stumpage value of the
conventional system.
Estimate Standard Error
Pr(>|t|)
Intercept

4.256

0.01091

<2e-16 ***

Site Index (SI)

0.05585

0.0000419

<2e-16 ***

Thinning Age (TA)

0.2021

0.0001735

<2e-16 ***

Cut and Load Rate (CLR)

-0.2633

0.0006585

<2e-16 ***

Distance to pulpwood mill
(PD)

-0.02029

0.00001078

0.201

0.0001574

<2e-16 ***

Pulpwood Delivered Price
(PDP)

14

<2e-16 ***

Table 1. 3 Final statistical value of models in conventional system.

Prediction

Model Transformation Adjusted R2

RMSE

MAE

Error

Square root (M1)

0.85

12.87

7

1.68

Log (M2)

0.82

1.24

1.15

1.65

Cube root (M3)

0.85

0.25

0.13

1.66

1.3.2 Biomass System
Results of the multicollinearity test showed that wood chip volume, chip and saw
volume, sawtimber volume, and top wood volume were highly correlated with site index
and thinning age (r > 0.6). I used site index and thinning age as our predictor variables in
lieu of the actual volumes. In the biomass system, site index (SI), thinning age (TA), cut
and load rate (CLR), chipping rate (CR), distance to the biomass market (CD), and chip
delivered price (CDP) were significantly different (p < 0.05). The cube root-transformed
model (M6) (Eqn. 2; Table 1.4) was selected among other candidate models based on
statistical evidence. The adjusted R2 of M6 and log-transformed model (M5) was equal and
slightly higher than the square root-transformed model (M4). The prediction error of M5
was lowest followed by M6 and M4. However, RMSE and MAE of M6 was the lowest,
followed by M5 and M4 (Table 1.5).
𝑆𝑡𝑢𝑚𝑝𝑎𝑔𝑒($/ℎ𝑒𝑐𝑡𝑎𝑟𝑒) = ( 3.990 + 0.05860 × 𝑆𝐼 + 0.2110 × 𝑇𝐴 − 0.2356 ×
𝐶𝐿𝑅 − 0.1977 × 𝐶𝑅 − 0.02017 × 𝐶𝐷 + 0.1948 × 𝐶𝐷𝑃)3 − 1000

15

𝑒𝑞𝑛. 2

Table 1. 4 Result showing the predictor variables affecting stumpage value of the biomass
system.
Estimate
Standard Error Pr(>|t|)
Intercept

3.990

0.00187

<2e-16 ***

Site Index (SI)

0.05860

0.00000717

<2e-16 ***

Thinning Age (TA)

0.2110

0.00002972

<2e-16 ***

Cut and Load Rate (CLR)

-0.2356

0.0001128

<2e-16 ***

Chipping Rate (CR)

-0.1977

0.0001128

<2e-16 ***

Distance to biomass mill (CD)

-0.02017

0.00000386

<2e-16 ***

Chip Delivered Price (CDP)

0.1948

0.00002303

<2e-16 ***

Table 1. 5 Final statistical value of models in the biomass system.
Model Transformation Adjusted R2 RMSE
MAE

Prediction Error

Square root (M4)

0.89

7.31

4.2

1.36

Log (M5)

0.90

1.31

1.09

1.33

Cube root (M6)

0.90

0.12

0.05

1.35

Providing an example to showcase an application of the models will help
landowners visualize short economic distances and find suitable conditions for achieving
higher economic returns from conventional or biomass systems. For this, the predicted
stumpage values from the two final models were compared graphically based on the
distance to the pulp or biomass market, delivered prices of the products, and the cut and
load rates. I selected a site index of 23, meters at a base age of 25 years (75, feet at a base
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age of 25 years), a cut and load rate of $13.22/tonne, and a chipping rate of $3.31/tonne for
graphical evaluation. The application of the models for other site indices is provided in the
Appendices section, Appendix A1 to A6 for site index 55, Appendix B1 to B6 for site index
65, Appendix C1 to C6 for site index 85, and Appendix D1 to D6 for site index 95 (feet at
a base age of 25 years). I assumed that the cut and load rate remain constant regardless of
the distance and that every contractor has access to unlimited trucks. These values thus,
serve as an example of the applicability of the models, and any other combination of input
values can be generated using the presented models. In the figures, first, I changed the
delivered price of round-wood and wood chips such that the price of the wood chips was
once lower, equal to, and higher than the pulp delivered price (Figure 1.1; Figure 1.3;
Figure 1.5 respectively). Later, I increased the distance to the biomass market by around
50% and compared the results (Figure 1.2; Figure 1.4; Figure 1.6). In the figures, the
intersection of the two lines (conventional system and biomass system) represent that at
that point of intersection, the stumpage value of the conventional and biomass system
becomes equal at that thinning age. The figures are examples of some extremes that may
be happening in the industry.
1.3.3 Biomass Value is Less Than Pulpwood Value
When the delivered price for biomass was less than the mill-delivered price for
pulpwood and a distance to a pulp mill was greater than 123 km for a thinning age 22 and
126 km for a thinning age 12 with a nearest biomass market within 64 km, I found that the
highest economic return was achieved by using the biomass system and chipping all
pulpwood, tops, and limbs (Figure 1.1). As the thinning age increased, the stumpage value
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also increased. Similarly, the distance to a biomass market resulting in higher stumpage
value was getting shorter.
When the distance to the nearest biomass market was increased from 64 km to 97
km (Figure 1.2), the stumpage value from the biomass system decreased by an average of
54 %. The percentage decrease was higher at lower thinning ages (113 % at a thinning age
of 12 years to 29 % at a thinning age of 22 years). As the stumpage value from the biomass
system decreased, the conventional system was a better option for a distance to a pulp mill
of up to 155 km for a thinning age of 22 years and up to 158 km for a thinning age 12.
However, when the pulp mill was farther away than that, the economic return was greater
with the biomass system.

Figure 1. 1 Estimated stumpage values for the conventional and biomass harvesting systems
for a biomass value lower than pulpwood value and a distance to a biomass market of 64 km
(40 miles).
18

Figure 1. 2 Estimated stumpage values between the conventional and biomass harvesting
system for a biomass value lower than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
1.3.4 Biomass Value is Equal to Pulpwood Value
When the mill-delivered price for biomass was equal to the mill-delivered price for
pulpwood with a distance to a pulp mill greater than 82 km for a thinning age of 22 years
and 85 km for a thinning age of 12 years and the nearest biomass market within 64 km, I
found that the highest economic return was achieved by chipping all pulpwood roundwood
and tops/limbs (Figure 1.3).
When the distance to the nearest biomass market was increased from 64 km to 97
km (Figure 1.4), the stumpage value from the biomass production decreased by an average
of 28%, and the percentage decrease was higher at lower thinning ages (39 % at a thinning
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age of 12 years to 21% at a thinning age of 22 years). As the stumpage value from biomass
production decreased, the conventional system was a better option for a distance to a pulp
mill of up to 114 km for a thinning age of 22 years and up to 117 km for a thinning age of
12 years. However, when the pulp mill was farther away than that, the economic return
was greater with the biomass system.

Figure 1. 3 Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Figure 1. 4 Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 97 km (60 miles).
1.3.5 Biomass Value is Higher Than Pulpwood Value
When the mill-delivered price for biomass was higher than the mill-delivered price
for pulpwood, given a distance to the nearest biomass market was within 64 km, the
biomass system achieved the highest economic return at any distance to the pulp mill
(Figure 1.5).
When the distance to the nearest biomass market was increased from 64 km to 97
km (Figure 1.6), the stumpage value from the biomass production decreased by an average
of 22 %. The percentage decrease was higher at higher thinning ages (28 % at a thinning
age of 12 years to 18 % at a thinning age of 22 years). As the stumpage value from wood
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chip production decreased, the conventional system was a better option for a distance to a
pulp mill of up to 70 km for a thinning age of 22 years and up to 75 km for a thinning age
of 12 years. However, when the pulp mill was further than 77 km away, the economic
return was greater with the biomass system.

Figure 1. 5 Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Figure 1. 6 Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
1.4 Discussion
Many studies in the past had considered logging residues as an unmerchantable
product and had not considered the volume of logging residues and the economic
profitability from selling biomass (Evans, 2008; Galik et al., 2009; Vogt et al., 2005). As
mentioned in several studies, those unutilized logging residues produced from thinning and
restoration cuts increase forest fire risk, increase site preparation cost, and impede forest
regeneration (Leinonen, 2004; Wear & Greis, 2012; Xi et al., 2012). Some studies reported
that the harvesting of logging residue is not suitable for thinning operation because it results
in very low volume, and the revenue from selling those materials may not offset the high
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processing and transportation costs (Bolding, 2002; Han et al., 2004; Shabani et al., 2013;
Stokes et al., 1989; Tahvanainen & Anttila, 2011; Withycombe, 1982). In a typical thinning
of loblolly pine stands ranging from age 13 to 18 years, around 72% of the total yield was
roundwood, and the remaining 28% was logging residues (Stokes, 1998). In the United
States, the extraction of biomass for bioenergy is increasing, and almost all of these go to
the European Union countries. The exportation of US biomass has increased from 94% in
2012 to 99.8% in the first half of 2015 (Census Bureau, 2015). Similarly, the US has
already exported around 10 % more biomass in the first two months of 2021 compared to
the biomass available for the same period of 2020 (Voegele, 2021).
Our study showed that when thinning was assigned on pine stands between 12 and
22 years, it produced a considerable volume of top and limb materials. The utilization of
these thinning residues for bioenergy production can provide a higher and more frequent
economic return to the landowners, promotes regeneration, and may contribute to reducing
CO2 emission by replacing fossil fuels (Conrad et al., 2011; Pokharel et al., 2019; Vogt et
al., 2005). In our study, the models developed to predict the stumpage from conventional
and biomass harvesting systems showed that the utilization of logging residues and
pulpwood for wood chip production may not always result in a higher profit to the
landowner. The decision to conduct either a traditional roundwood harvest or biomass
harvest is based on several factors: delivered price, trucking distance, chipping rate, and
cut and haul rate. I found that a slight change in the value of these factors affects the overall
returns gained by the landowners.
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The profits from any harvest type are expected to increase with higher product
prices. Historically, in the southern US, wood chips are worth less than pulpwood
(TimberMart-South, 2010, 2020). In the first quarter of 2020, the delivered price of wood
chips was $25.43/tonne compared to $32.45/tonne for pulpwood. Biomass prices would
have to be increased by 28% to compete with the pulpwood market. Although it incurs
additional chipping costs, in-wood chipping saves time, labor, and operational cost
associated with delimbing, topping, and bucking at the landing for pulpwood production
(Conrad & Bolding, 2011). When the delivered price of woody biomass chips is
comparable with the delivered price of pulpwood, the landowner may be indifferent to do
either a traditional or biomass harvest (Conrad et al., 2013; Conrad & Bolding, 2011;
Kumarappan et al., 2009). Similarly, in areas with lower pulpwood delivered price than
biomass price, it is beneficial to merchandise all pulpwood as wood chips if the
transportation distance to the pulpwood mill is significantly longer than the distance to the
biomass market. A study by Galik and Abt (2016) showed that the increase in pellet
demand had increased the utilization of pulpwood materials as the feedstock for bioenergy
production to meet an estimated pellet consumption of 12.2 million tonnes. In addition, the
feedstock of roundwood results in wood chips of better quality because they are more
homogeneous and have high wood content; hence, they are being used for biomass
facilities with high-quality requirements (Moskalik & Gendek, 2019). However, a study
by Kuptz and Hartmann (2015) has reported that wood chips from logging residues, due to
their variation in size and composition, are more suitable for medium-sized and big energy
facilities that do not demand high-quality feedstock.
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Due to the increasing number of biomass and pellet markets in the European
market, companies are demanding wood chips over roundwood (Hillring, 2006). Some
pellet manufacturers pay a higher price for wood chips than for roundwood but demand
that the wood chips are separated by softwood and hardwood species. They lower their
expenses by not having to chip roundwood themselves and pass along that cost saving to
the logger to pay for the in-woods chipping. Not all pellet manufacturers and biomass
markets operate the same way, and some companies may be an exception with their policy.
Landowners and buyers have shown an increasing interest in the bioenergy market. A study
by Conrad et al. (2011) reported that 90% of the landowners are willing to sell the wood to
the energy facilities if they get a good price. Similarly, many buyers are willing to pay high
prices for wood-based biofuels, giving landowners more profit to invest (Susaeta et al.,
2010).
The profit from the extraction and use of pulpwood or biomass or whole tree wood
chips was found to be highly associated with transportation distance (Evans, 2008;
Pokharel et al., 2019; Smidt et al., 2012). I found that when the distance to the pulp mill or
biomass market increased, the transportation cost increased, and the stumpage value of the
respective system decreased. Therefore, the distance to the biomass facilities and the
associated trucking costs can significantly affect the profitability of a conventional or
biomass harvesting system. Many studies mentioned that if the facilities that utilize the
biomass fuels are near the harvested site, it makes biomass harvesting financially beneficial
(Han et al., 2004; Harrill & Han, 2012). Our results showed that if the biomass market is
within 64 km and the wood chip delivered price is higher than the pulp delivered price, it
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is more profitable to select a biomass harvesting system. Thus, we predicted that a
landowner could select the biomass system over the traditional system when the biomass
market is closer than the pulp mill. In addition, the growing demand for biomass from
energy facilities has increased the number of markets as well as profitable transportation
distances (Moskalik & Gendek, 2019).
Biomass utilization for bioenergy has several positive impacts if the biomass is
economically harvested and transported to the biomass market. However, it has also raised
serious questions on soil compaction caused by machinery used to build new roads in areas
where timber harvesting hasn’t been practiced before (Lal et al., 2011). As the biomass
removal for energy production is higher than for traditional harvesting, it could decrease
the amount of residue in the forest floor, which could reduce soil organic matter causing
soil erosion and nutrient loss (Berger et al., 2013; Burger, 2002; Janowiak & Webster,
2010; Powers et al., 2005). However, some studies suggest that biomass removal may not
degrade forest productivity (Eisenbies et al., 2009) or may positively contribute to forest
management by supporting forest health and ecological restoration (Evans, 2008).
Considering these impacts, biomass harvesting guidelines in some states recommend
retaining 10 to 33% of the forest residues on the harvest site (Missouri Department of
Conservation, 2008; Minnesota Forest Resources Council, 2007)..
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1.5 Conclusion
Site index, thinning age, cut and load rate, chipping rate, delivered price of
products, and the trucking distance to markets are the factors affecting the stumpage value
of the harvesting systems. When deciding to select between the harvesting systems,
landowners, consulting foresters, and loggers must consider these factors. The cube roottransformed model is the best model to predict and compare the stumpage values between
two harvesting systems (Table 1.3; Table 1.5). When the delivered price of the biomass is
lower, equals to, or higher than the delivered price of the pulpwood, a landowner may need
to select a harvesting system based on the trucking distance to the nearest pulp mill or
biomass market (Figure 1.1, 1.2, 1.3, 1.4, 1.5, 1.6). If a biomass market is available in the
local area, it could be profitable to do biomass harvesting even if the biomass value is lower
than the pulpwood value. Furthermore, the cut and load rate, chipping rate, delivered price,
and trucking distance may differ from one place to another and from one state to another.
Similarly, these rates may also change over time. The models are thus useful at any period
as a decision support tool to predict the stumpage value from conventional and biomass
harvests based on the stand and site conditions, market conditions, and the distance to
markets. These models may further inform forest landowners, consulting foresters, and
loggers about options to maximize their economic return from timber harvesting
operations.
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CHAPTER II
FACTORS INFLUENCING PRODUCTIVITY AND COST IN THE WHOLE-TREE
HARVESTING SYSTEM 1

Abstract
Fully mechanized harvesting systems are the most productive and common
harvesting systems in the US. Stem size, stand density, species composition, silvicultural
prescriptions, slope/terrain, and operator skill affect the productivity and cost of a
harvesting system. Timber harvest expectations of foresters, landowners, and loggers are
dependent on these factors. This article describes the factors affecting the productivity of
specific harvesting machines used in whole tree harvesting and impact on harvesting cost.
Landowners will understand common limitations of a timber harvest and they can be
discussed with a forester or logger.
2.1 Introduction
Harvesting operations play a significant role in sustainable forestry. Timber
harvesting is used for managing a forest for different objectives such as timber production
(figure 1), wildlife habitat management, recreation, and to reduce wildfire risk. There has
been a gradual development and adaptation of logging equipment in the last hundred years.
Change in the setup of logging businesses, forest ownerships, and the improvement of
harvesting equipment has also taken place during that time. From the 1960s to 1980s,

Parajuli M, Hiesl P, Smidt M, Mitchell D. Factors Influencing Productivity and Cost in the WholeTree Harvesting System. Clemson (SC): Clemson Cooperative Extension, Land-Grant Press by
Clemson Extension; 2020 Jul. LGP 1079. https://lgpress.clemson.edu/publication/factorsinfluencing-productivity-and-cost-in-the-whole-tree-harvesting-system/.
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logging operations were rapidly mechanized, and the logging industry shifted from a laborintensive to a capital-intensive industry (Lebel, 1993; Loving, 1991). During the same time,
the practice of silviculture and forest management has changed gradually (D’Amato et al.,
2017). Clear cutting was widely practiced into the 1990s, but with an increased focus on
sustainability, the intensity of clearcutting diminished in the early 2000s. At the same time,
the concept of patch clearcutting (clear cutting trees in an area typically less than 1 acre in
size), seed tree (cut most of the mature trees but leaves some widely spaced trees as a source
for the natural regeneration), shelterwood (cut most trees in a stand but leave some behind
to provide shade for regeneration), single-tree selection systems (scattered single mature
trees are harvested to release growing space to facilitate regeneration), and group-selection
systems (two or more mature trees are harvested as a group) became more popular
(D’Amato et al., 2009). While 45% of the world’s timber is harvested mechanically, the
remaining 55% are harvested manually using a chainsaw or other tools (Ponsse, 2005).
Even though there has been an increasing trend of adopting mechanized harvesting
systems, chainsaw felling is still in prominent use in mountainous terrain and steep slope
areas (Conrad et al., 2018a). In the western US, chainsaws are mostly used as a tool for
felling on steeper ground where skyline or helicopter yarding is primarily used to transport
logs (Han & Renzie, 2005). Many states in the northeastern and midwestern US have a
significant percentage of their logging force using chainsaws (Allred et al., 2011; Leon &
Benjamin, 2012). In the southern US, the use of chainsaws for timber harvesting has
decreased significantly in the past four decades. For instance, the percentage of Georgia
loggers using chainsaws decreased from 21% in 1987 to only 2% in 2017 (Conrad et al.,
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2018b). In South Carolina, less than 2% of respondents of a logging business survey in
2017 reported the use of a chainsaw harvesting system (Conrad et al., 2018b).

Figure 2. 1 A pine plantation that is managed for timber production. Image credit: Dr.
Patrick Hiesl, Clemson University.

The two most common mechanized harvesting methods are whole-tree (WT) and
cut-to-length (CTL) harvesting. In WT, standing trees are cut down and separated from the
stump and transported to the landing where they are processed into logs. The WT
harvesting system usually consists of a feller-buncher to fell, a grapple skidder (Figure 2.1)
to drag bunched trees to the landing, and a delimber to remove limbs from the tree stems.
In CTL, all processing (felling, delimbing, topping, bucking, and piling) is performed at
the stump by a harvester. A forwarder will then accumulate the scattered log piles and
transport them to the roadside (Adebayo et al., 2007). For a brief overview of mechanized
harvesting equipment used in South Carolina, see Timber Harvesting Equipment in South
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Carolina (https://lgpress.clemson.edu/publication/timber-harvesting-equipment-in-southcarolina/).
Tree length (TL) harvesting is usually a form of manual timber harvesting, where
a tree is typically felled using a chainsaw, and tops and branches are removed at the stump,
prior to extraction with a skidder. While TL is a traditional harvesting method applied in
many southern states, its impact on annual timber production is minimal. CTL harvesting
is commonly used in northern states and is infrequently used in the southern US (Conrad
et al., 2018a) . The focus of this article is on WT harvesting systems using a feller-buncher,
skidder, and delimber.

Figure 2. 2 A grapple skidder pulling a load of pine trees (including branches and tops).
Image credit: Dr. Patrick Hiesl, Clemson University.
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2.2 Factors Affecting Mechanized Harvesting Productivity
Harvesting equipment productivity studies have been conducted in the southern US
for most of the last century. Productivity is typically measured in the volume produced
(tons) per hour of work (hours). These studies have shown that many factors influence
individual machine productivity and, subsequently, harvesting cost. These factors include
stem size, skidding distance, stand density, species composition, silvicultural prescriptions,
stand regeneration methods, slope, and operator experience (Hiesl, 2013; Kluender &
Stokes, 1994; Landford & Sirois, 1983; Tufts et al., 1988). Productivity can increase or
decrease with small changes in any of these factors.
2.2.1 Stem Size
Stem size is a significant factor that affects the productivity of the feller-buncher
(Wang et al., 2004). The felling head attached to the feller-buncher can cut various sizes of
trees in approximately the same amount of time. Relatively large trees allow the machine
to cut greater volumes of wood per machine hour (Akey et al., 2004). For example, a 0.4inch increase in average tree diameter results in approximately a 10% increase in the
productivity of the feller-buncher (Gingras, 1988). Large trees can be difficult to handle by
the feller-buncher, and the positioning and cutting time can increase, ultimately resulting
in lower productivity. The positioning and felling time of trees having more than thirteen
inches in diameter at breast height (dbh) is 75% higher than for trees 4-10 inches in dbh
(Gingras, 1988). Therefore, productivity increases at a decreasing rate with increasing stem
size (Visser & Spinelli, 2012). However, the size that each feller-buncher can handle
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without losing productivity depends on the size of the feller-buncher and cutting head and
likely varies with the operator.
The productivity of a skidder is highest when large trees are harvested, as the bunch
volume per turn is greater (Kluender et al., 1997). If the size of harvested trees is small, the
number of stems grappled per turn is higher, but with a lower overall volume, thus reducing
the skidder productivity (Tufts et al., 1988). Skidding productivity can decrease by 14%
when skidding smaller diameter trees (Li et al., 2006). When large-sized stems are skidded,
only a few stems are required to make a bunch, while small-sized stems require more stems
and more time to build a bunch by the feller-buncher (Kluender et al., 1998).
2.2.2 Skidding Distance
The efficiency of a skidder is greatly affected by skidding distance because it
strongly affects the skidding time (Akey et al., 2004). When the skidding distance is long,
the skidding time increases, and the overall productivity decreases. Thus, shorter skidding
distances lead to higher productivity (Kluender & Stokes, 1994). The decrease in
productivity of the skidder due to longer skid distances can be somewhat counterbalanced
by increasing the payload per turn. The skidding distance varies and is based on many
factors such as terrain and stand shape and can range from less than a tenth of a mile to
close to three-quarters of a mile (Hiesl & Benjamin, 2015; Kelly et al., 2017; Wang et al.,
2004).
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2.2.3 Stand Density
Stand density is defined as the number of trees per unit of area; in the US, this is
typically measured in trees per acre. In most cases, the lower the stand density, the larger
the distance between harvested trees. The time spent on driving to every single tree that is
being harvested increases when tree spacing is increased. This increase in moving time
decreases the production rate (trees cut per hour) of the feller-buncher (Soman et al., 2019).
However, the larger volume of trees typically associated with a low stand density can
compensate for this decrease in production and result in greater net productivity (Winsauer
et al., 1984). Of course, this depends on the size of the feller-buncher and its diameter
cutting capacity.
2.2.4 Species Composition
Pull-through delimber productivity depends on the characteristics of tree species
and varies mostly with the hardwood content of a stand and the thickness of branches. The
productivity of the pull-through delimber is lower in hardwood stands than in softwood
stands. The main reasons are wood density and larger branch size of hardwood species
(Figure 2.3) (Sionneau & Cuchet, 2001). Although a hardwood species, yellow poplar
stands yield the highest productivity. This is due to yellow poplar having a straight and
clear bole with few branches (Wang et al., 2004). Delimbing time for hardwoods is also
generally greater than for softwoods. For example, southern yellow pine has less delimbing
time because they have a straight bole with few small branches at the crown. Small
branches from softwood species can be delimbed using a delimbing knife, large branches
from hardwood species need to be cut off using a saw. Some softwood species (such as
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eastern hemlock) are an exception and have a higher delimbing time due to larger branch
size.

Figure 2. 3 softwood species (left) and hardwood species (right) Image credit: Manisha
Parajuli, Clemson University.
Branches of softwood species (left) typically occur in whirls around the main stem, are
smaller in diameter, and grow out of the main stem almost perpendicular. The main stem
of hardwood species, such as oak (right), typically fork into multiple large-diameter
branches that grow out of the main stem at steep angles.
2.2.5 Silvicultural Prescription
Silvicultural prescription determines the type, quality, and quantity of wood to be
harvested and significantly affects the productivity of harvesting operations (Soman et al.,
2019; Wilson & Wilson, 2001). The choice of the silvicultural prescription depends on the
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landowner's objective, species characteristics, and site conditions. Generally, harvesting
productivity increases with higher removal intensity (Kluender & Stokes, 1994).
Clearcutting has the highest removal intensity and results in a higher yield per acre because
it removes all merchantable trees in one operation (Kluender & Stokes, 1994). In the
southern US, clearcutting is most prevalent in areas of managed pine plantations.
Shelterwood systems are effective for natural reforestation but have a lower harvesting
intensity than clear cutting systems due to the number of trees left standing for establishing
regeneration (Kluender et al., 1997; Lortz et al., 1997). Selection systems remove
individuals or groups of trees distributed throughout the stand, resulting in the removal of
fewer trees per hour. This increases the total moving time of the harvesting equipment and
results in lower productivity per hour. However, each system is applied to different stand
ages and is also affected by the associated stem sizes and stand density.
The methods of regeneration (natural or artificial) can also have a great impact on
feller-buncher productivity. Clear cut stands of single species plantations are much more
productive than thinning naturally regenerated mixed species stands because plantation
stands have a uniform tree spacing, similar tree dimensions, and a high volume per acre
(Hiesl & Benjamin, 2013). For example, the harvesting productivity of industrial loblolly
pine plantations is higher compared to a naturally regenerated stand of the same species
(Stanturf et al., 2003).
2.2.6 Slope
Steep slopes and uneven terrain negatively impact harvesting productivity
(Heinimann, 1999). Modern fully mechanized harvesting equipment is designed for gentle
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terrain and is usually limited to slope gradients of less than 30°. Slope is an important
determinant of machine stability, impacting travel speed, and duration of the work. Steep
slopes also pose considerable safety concerns for equipment operators. As slope increases,
the productivity of harvesting equipment decreases.
The rubber-tired feller-buncher (Figure 2.4) is a productive machine for ground
slopes less than 17° (Gingras, 1988; Han & Renzie, 2005). While rubber-tired fellerbunchers are designed for relatively flat terrain, tracked feller-bunchers can handle steeper
slopes. As the slope increases, the ability of the equipment to climb becomes more difficult
and decreases the machine stability. Steep slopes cause harvesting difficulties and increase
the handling time per tree. Minimal productivity decreases can be expected when the slope
is 20% or less, productivity decreases noticeably between slopes between 21% and 30%,
while steeper slopes of 31% or more result in major productivity decreases (Gingras, 1989).
On steep slope landscapes, tracked feller-bunchers need a self-leveling operator cabin to
automatically adjust the position of the operator with respect to the ground surface. This
distributes the weight uphill for increased stability, gives a better view of the trees to the
operator, increases the harvesting efficiency when operating in steep terrain, and provides
the operator with a more comfortable operating position (Gingras, 1989; Visser &
Stampfer, 2015).
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Figure 2. 4 A rubber-tired feller-buncher. Image credit: Dr. Patrick Hiesl, Clemson
University.
Grapple skidders cannot be operated effectively in steep slope areas because there
is a higher risk of the machines slipping sideways and rolling over. When the ground slope
on the skid trail is steep, the skidder travels at lower speeds, which results in increased
cycle time for each turn. On steep uphill trails, greater load weight also reduces the travel
speed (Akey et al., 2004). Skidding productivity on very steep slopes can be reduced up to
45%, compared to flat terrain operations, thus skidding on a slope greater than 26° should
be avoided to prevent major productivity decreases (Diniz et al., 2019). In addition,
slippage of wheels and rolling over must be avoided because it causes damage to the soil,
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disturbs soil fauna and plants, causes equipment damage, and can harm equipment
operators.
2.2.7 Operator
The skill of the operator plays an important role in determining the productivity of
the harvesting equipment (Kärhä et al., 2004). The difference in productivity is due to
different cutting techniques, work experiences, work planning, felling order, and operators’
dexterity (Ovaskainen et al., 2004). The operator has some control over the average skid
distance and the size of payload per cycle, which can impact the productivity of the skidder
(Egan & Baumgras, 2003; Kluender & Stokes, 1994). Operator skill in combination with
the machine and site condition affects the efficiency of the grapple skidder and fellerbuncher by up to thirty percent (Hiesl, 2013). An operator also plays a vital role in
controlling stand damage caused by harvesting equipment (Hiesl, 2013). In addition, the
type of stand (pure conifer or mixed wood stand) significantly affects the operator’s
efficiency. Operating in a mixed wood stand requires strong mental focus and increases
mental workload, which leads to mental fatigue. This results in a loss of productivity
between 40% and 57% as compared to the productivity of harvesting pure conifer stands
(Spinelli et al., 2020).
2.3 Harvesting Cost
The profitability of harvesting operations is a major concern to loggers and
landowners. The cost per unit of wood (i.e., $/ton) depends on machine productivity,
operating cost, and technical efficiency. Technical efficiency is the effectiveness with
which a given set of input factors is used to produce an output (i.e., the right machines for
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the job). It can have a significant impact on economics, with higher technical efficiency
lowers the cost of harvesting (Lebel & Stuart, 1998). Higher productivity of the WT
harvesting system results in lower harvesting cost. Harvest profitability is greatest when
removing large trees at high harvesting intensity (Kluender et al., 1998). Generally, as tree
size increases, the productivity increases, and the unit cost of wood produced decreases.
But one should be aware that a continuous increase in tree size triggers a reduction in
productivity because of the difficulty in handling very large-sized trees. Harvesting smaller
diameter trees costs more than larger diameter trees. Harvesting lower volumes per acre
costs more than higher volumes per acre. High harvest intensities produce higher levels of
profitability in all product classes and for all diameters. Harvesting costs are also highly
influenced by slope and operator experience. In steep slope stands, the feller-buncher and
skidder typically operate at lower speeds to prevent slipping and rollover, resulting in
longer time needed to perform each logging activity, lowers the system productivity, and
consequently increases the production cost. In addition, loggers with lower technical
efficiency always result in higher production costs as compared to loggers with higher
efficiency. The maximum profit can be expected when a logger achieves highest technical
efficiency, minimizes average unit cost, and maximizes unit production (Lebel & Stuart,
1998).
2.4 Conclusion
There are many factors that affect the productivity and the cost of a harvesting
operation, many of which are out of a forest manager's control. High productivity results
in a lower cost and can be obtained by maximizing unit production by using technically
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efficient harvesting equipment, eliminating greater slope, and using skilled operators.
Being aware of the specific challenges that a forest stand provides will allow the logger,
forester, and landowner to determine productivity and cost expectations for a given harvest,
and ultimately a realistic stumpage value. Apart from the machine productivity and cost, it
is also important to consider the environmental consequences of WT harvesting systems
over CTL systems. Cut-to-length harvesting systems cause less damage to the soil and
associated biomes as it creates slash mats with the removed tree limbs and prevents direct
contact between machine tires and soil surfaces. In comparison, WT harvesting causes
more damage to soil and associated biomes because the skidder drags bunches of trees
across the landscape, thus sweeping away litter, damaging surface roots, and exposing
mineral soil (Han et al., 2006; Hartsough et al., 1997).
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CHAPTER III
THE IMPACT OF LOGGING OPERATIONS ON SOIL COMPACTION

Abstract
Soil is highly sensitive to improper logging activities that can impact site
productivity and ecosystem services for a long time. All logging operations can cause soil
compaction; however, the extent and severity of compaction depend on various factors
such as soil type, harvesting equipment, number of machine cycles, a season of logging,
and slope. Soil compaction associated with logging operations can have a long-lasting
impact on tree establishment and growth. Landowners and foresters must be careful when
planning logging operations and should not only focus on the monetary aspects but also
need to consider the ecological and environmental aspects. Soil compaction by mechanized
harvesting systems can be minimized by applying suitable management strategies during
harvesting operations to ensure that those activities do not negatively impact soil
productivity, regeneration establishment, and continued growth of the residual stand.
3.1 Introduction
Forest landowners may have multiple forest management objectives such as timber
production, forest health, wildlife habitat enhancement, recreation, or aesthetics. Different
harvesting systems has been used to meet these objectives. There has been an increasing
trend worldwide in mechanized harvesting systems ranging from site preparation to final
harvest. In South Carolina, less than 2% of respondents of a logging business survey in
2017 reported using a chainsaw harvesting system (Conrad et al., 2018b).
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In the southeastern US, the whole tree harvesting method is the most used. With
whole tree harvesting, trees are cut and transported to the landing with the top and branches
still attached to the bole. Common equipment used is a wheeled feller-buncher, grapple
skidder, knuckle-boom loader, and pull-through delimber. In addition, a delimbing gate
having a large metal frame with cross beams is sometimes being used to break off the
number of branches before they are processed by the loader and pull-through delimber
(Hiesl & Steele, 2020). The use of heavy machinery in logging operations can cause soil
compaction and loss of soil productivity which consequently affects regeneration
establishment and tree growth (Cambi et al., 2015; Crawford, 2020; Kremers & Boosten,
2018).
3.2 Factors Affecting Soil Compaction
Soil compaction occurs when soil particles are pressed together, reducing pore
space between them, and increasing bulk density (the weight of soil per volume). As
Howard W. Lull said, “whenever you put a foot down on forest or rangeland, you are to a
degree compacting the soil (Lull, 1959). The extent and severity of soil compaction are
influenced by several factors such as soil texture, soil structure, type of machinery used,
the number of machine passes, a season of harvesting, and slope (Cambi et al., 2015; Laffan
et al., 2001; Naghdi et al., 2016).
3.2.1 Soil Texture and Soil Structure
Soil texture refers to the relative percentage of sand, silt, and clay within a soil
layer. A fine-textured soil has a high proportion of finer particles such as silt and clay,
while a coarse-textured soil has a high proportion of sand. Soils with a high amount of
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clay content (>20 % clay) are more easily compacted during logging operations
(Williamson & Neilson, 2000). The relationship between soil compaction and soil texture
implies that particular attention should be given to soil conditions when logging on finetextured soils. In South Carolina wide range of soils are found, from deep sandy soils in
the coastal plain, clayey utisols in the piedmont to steep rocky inceptisols in the
mountainous upstate.
Soil structure refers to the arrangement of individual soil particles, sand, silt, and
clay together into an aggregate of varying sizes and shapes. Soil organic matters cause soil
to clump and plays a significant role in forming soil aggregates that improve soil structure.
Therefore, an increase in the aggregate size increases the capacity of soil to resist heavy
machinery pressure (Cambi et al., 2015; Lefroy et al., 1995). In the Piedmont region,
significant soil properties such as bulk density, soil porosity, and hydraulic conductivity
change to an average depth of 6.7 inches following whole tree harvesting operations (Gent
et al., 1984). Machine-induced soil compaction is thus strongly affected by soil texture and
soil structure that the impact can last for decades (DeArmond et al., 2019; Mitchell et al.,
1982; Stewart, 1995).
3.2.2 Harvesting Equipment
Equipment used in forestry, either for site preparation or timber harvesting
operations, can have different wheels, tracks, load capacities, and sizes. The pressure on
the soil varies with the number of wheels or tracks, the size of the wheels of tracks, the
weight of the machine, the load of the harvested timber, and the tire pressure (Alakukku et
al., 2003; Sakai et al., 2008). Most of the machinery used in logging operations ranges from
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11,000 to 121,000 pounds (Cambi et al., 2015; Eliasson, 2005; Labelle et al., 2019). As
the machine pressure exceeds the internal soil strength, soil particles get pressed together,
resulting an increased compaction (Ampoorter et al., 2012). On the one hand, compaction
helps to uphold the equipment, but on the other hand, it can make the soil impenetrable for
plant roots influencing the soil water relations and gas exchange (Cambi et al., 2015).
In the deeper soil layers, machine pressure is less because the mechanical force is
spread over a larger soil volume. Thus, when the pressure per unit soil volume is smaller,
the compaction is less (Horn et al., 2007; Shetron et al., 1988). The highest degree of soil
compaction commonly occurs within the first 12 inches of the soil (Wingate-Hill &
Jakobsen, 1982). However, it can also reach up to a depth of 39 inches depending upon the
types of equipment used, initial soil density, and soil moisture level (Eriksson et al., 1975).
3.2.3 Numbers of Machine Cycle
Machine cycle can be defined as one empty and one loaded trip. The number of
machine cycles necessary for any harvesting operation depends on the machine’s capacity
and site characteristics. Regardless of the machine type, the bulk density increases up to
50% with the first three passes and increases at a much lower rate thereafter (Ampoorter et
al., 2007; Naghdi & Solgi, 2014; Solgi & Najafi, 2014). The greatest amount of soil
compaction occurs in the first 10 passes of harvesting equipment (Gent et al., 1984), with
the highest increase happening in the first few passes (Ampoorter et al., 2007; Naghdi &
Solgi, 2014; Solgi & Najafi, 2014).
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3.2.4 Season of Logging
Season of logging can have a significant impact causing soil compaction due to
higher or lower moisture levels and amounts of rainfall. The moisture content of the soil is
described as the ratio of the volume of water held in the soil relative to dry soil. Soil
compaction commonly occurs when the moisture content in the soil is around 30% (Han et
al., 2009). Soil pore water acts as a lubricator of surrounding soil particles (Holsonback &
Brewington, 2021). Thus, an increase in water content causes a reduction of cohesion
(togetherness) forces between soil particles, leading to a decrease in soil weight-bearing
capacity (Ampoorter et al., 2012). Reducing soil weight-bearing capacity, in turn, increases
the risk of soil compaction (Cambi et al., 2015).
3.2.5 Slope
Forest soil compaction is unavoidable in logging operations, and the degree and
extent of soil compaction increase with the forest slope gradient (Crawford, 2020; Miller
et al., 2004; Soghi et al., 2015). As the slope increases, the degree of soil compaction by
harvesting equipment can increase faster (i.e., after relatively few machines pass),
increasing soil bulk density while decreasing soil porosity (Solgi et al., 2020). The strong
adverse effect of increasing the skid trail slope on soil compaction is likely due to the
difficulties in skidding on steep terrain where machine wheels can slip, pushing soil
particles closer together (Frey et al., 2009; Solgi et al., 2020). In addition, lower speed on
a steep slope increases the topsoil vibration that causes severe soil compaction compared
to flat terrain (Majnounian & Jourgholami, 2013; Naghdi & Solgi, 2014; Williamson &
Neilson, 2000). Further, changes in machine weight distribution toward the rear axle when
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driving uphill in steeper terrain mean that the rear axle carries a greater load, resulting in
higher ground pressure for the same load than flat terrain. Bulk density and rut depth
increase with the increase of traffic frequency and slope. Therefore, the use of harvesting
equipment should be restricted to slopes below 30% (Berkett & Visser, 2012; Miller et al.,
2004).

3.3 Effects of Soil Compaction
Soil compaction has detrimental effects on soil physio-chemical and biological
properties, creating unfavorable plant growth conditions, and reducing plant productivity
(Cambi et al., 2015; Crawford, 2020; Miller et al., 2004). Compacted soil alters the
physiological function of plants by affecting the availability of water, minerals, and soil air
and increases the potential for runoff and erosion. For example, research conducted on the
coastal plains of South Carolina reported that the height of one-year-old loblolly pine
seedling on compacted skid trails was 40 to 50 percent less than height growth on noncompacted soil (Hatchell et al., 1970). However, all soil compaction is not harmful to plant
growth. In coarse-textured soils, moderate soil compaction improves the capillary forces
that slow the downward movement of water and thus promotes tree growth (Gomez et al.,
2002b). Similarly, soil compaction may result in better vegetation growth because the roots
of seedlings have better contact with soil (Bhadoria, 1986; Gomez et al., 2002a).
3.3.1 Increase Bulk Density
Soil with low initial bulk density is the most vulnerable to compaction (Puhlick &
Fernandez, 2020). The reason is that soil with low bulk density contains many macropores
(>0.00315 inches) that are easy to compact. As the macropores are compressed into
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micropores (<0.00315 inches), soil bulk density becomes higher, which increases soil
resistance to compaction forces (Berli et al., 2003; Hillel, 1998; Shetron et al., 1988).
Surface soil compaction and bulk density of the upper 8 inches of the soil profile
are typically greater at harvested sites than at unharvested sites, regardless of slope
position, soil texture, or season of harvest (Kolka et al., 2012). The amount of soil
compaction depends on the initial bulk density. For example, research conducted in
Mississippi and Louisiana in clay loam and loamy soil shows that when the initial bulk
density of soil is 87.40 lb/ft3 or more, it does not cause further compaction because the soil
is already dense (Powers et al., 2005). However, forest soils generally have a bulk density
lower than 87.40 lb/ft3 due to the high organic matter content and macro porosity. In the
Piedmont region of the southeastern US, soil bulk density increased by 17% after wholetree harvesting (Gent et al., 1984). An increase in soil bulk density negatively affects forest
regeneration by inhibiting seed germination (Kozlowski, 1999). Even if seeds are
germinated in the heavily compacted soil, they may not survive because the emerging
radicle will not penetrate the dense soil surface (Foil & Ralston, 1967).
3.3.2 Reduce Soil Porosity
When bulk density increases, soil porosity decreases (Cambi et al., 2015). Soil
porosity is the volume percentage of the total bulk soil not occupied by the solid particles.
Forest soils are more often especially susceptible to compaction due to their loose, fragile
structure and high porosity (Crawford, 2020). In South Carolina, sandy subsoils have
porosity values > 10 %, sandy clay loam have 9 %, clay loam have 7%, and clay have 5 %
(Williams & Amatya, 2016).
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Harvesting equipment that passes through the soil surface exerts force in the soil
reducing soil porosity (Demir et al., 2005). When pore space is reduced, it increases soil
solids by filling previous pore spaces. Compaction caused by machine traffic can reduce
porosity up to 60% (Ampoorter et al., 2007; Ares et al., 2005; Cambi et al., 2015).
Regardless of soil texture, the total porosity of the soil located in the operating machine
trail is considerably lower than that of the undisturbed area and it decreases consistently
with increasing traffic frequencies (Ampoorter et al., 2007; Ares et al., 2005; Cambi et al.,
2015; Naghdi et al., 2020).
Roots rely on pore spaces in the soil to penetrate deeper into the soil profile, but in
compacted soil, the pore spaces can be too small to permit the elongation and penetration
of plant roots (Kim et al., 2010; Kozlowski & Pallardy, 1996). As root growth is restricted,
plants cannot exploit the soil for nutrients and moisture, leading to stunted growth and
seedling mortality (Ampoorter et al., 2012; Kozlowski, 1999).
3.3.3 Decrease Hydraulic Conductivity
A reduction in soil porosity through compaction simultaneously reduces water
holding capacity, water infiltration rate, and hydraulic conductivity (Kozlowski, 1999). A
decrease in water infiltration rate and hydraulic conductivity in forest soils could benefit
plants in sandy soils that would otherwise drain quickly. However, it may also lead to soil
water deficiency, increases waterlogging and/or standing water on flat terrain, increases
surface runoff, and erosion on steeper slopes (Cambi et al., 2015; Grace et al., 2006; Naghdi
et al., 2016). In waterlogged areas, many roots may die and decay because of the increased
activity of Phytophthora fungi (Duniway & Gordon, 1986). Similarly, non-wetland plant
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species may die because they don’t have specialized adaptations that enable gas exchange
in saturated soils (Visser et al., 2000).
3.3.4 Decrease Gas Diffusivity
Compacted soil has a higher carbon dioxide to oxygen concentration ratio relative
to undisturbed soils. Higher ratios in compacted soils result from decreased gas diffusivity
(interchange of gas between soil and atmosphere). When the carbon dioxide and oxygen
concentration ratio increases, it impedes root respiration and root growth. When oxygen
concentration drops below the 6-10% range, it hinders the uptake of water and nutrients
and can inhibit seedling growth affecting the natural regeneration of the forest (Cambi et
al., 2015; Gebauer & Martinková, 2005; Goutal et al., 2013; Grant, 1993; Heninger et al.,
2002).
3.3.5 Potential Runoff and Erosion
Logging operations can cause crucial changes in the characteristics of the soil; they
remove the fertile topsoil and herbaceous cover, alter soil characteristics, hinder forest
regeneration, and reduce root growth (Cambi et al., 2015; Demir et al., 2005; Jacobson et
al., 2000; Marshall, 2000). Bare and compacted soils resulting from logging operations are
potential sites for erosion and surface runoff (Rice et al., 1972). Surface runoff and erosion
lead to the loss of mineral nutrients. In disturbed or compacted sites, soil erosion begins
with the detachment of the soil particles from the soil mass. If harvesting is not properly
implemented on a sloping site, timber extraction with skidders could lead to high soil
compaction, and later to soil erosion and rutting, especially along skid trails (Cambi et al.,
2015). On steep slopes, ruts function like a pathway for water runoff, thus causing gully
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formation and soil erosion (Frey et al., 2009). When the slope becomes greater than 25%,
runoff risk increases substantially (Naghdi et al., 2009). If compaction is extensive,
increased surface runoff may also increase stream flows after rainfall events, increasing the
potential for channel scour causing water quality issues like sedimentation (Anderson &
Lockaby, 2011; Demir et al., 2005; Stephanie & West, 2002).
3.4 Management Strategies
Increased heavy machinery use in logging operations causes several negative
environmental impacts, demanding a strict application of management strategies. The US
Forest Service has a monitoring guideline that more than a 15% increase in soil bulk density
is detrimental to forest sustainability and recommends applying soil compaction prevention
strategies during logging operations (Powers et al., 1998).
Strategies for minimizing soil compaction include minimizing skid trail gradients,
the selection of suitable equipment, avoiding waterlogged areas, and the application of
slash and brush mats during harvesting.
3.4.1 Skid Trail Gradient
Skid trails are temporary trails constructed in the forest to connect the harvested
area to the landing. A straightforward technique to minimize soil compaction uses
designated skid trails to limit the extent of soil compaction (DeArmond et al., 2019; Solgi
et al., 2020). It is also necessary to limit the length of logs that are transported on skid trails.
Longer logs are more likely to extend outside the skid trail, causing soil compaction when
dragged over the soil (Solgi et al., 2020). Trail gradients exceeding 20% should be avoided
when possible (Solgi et al., 2020). If unavoidable, only a few uphill skidding passes should

52

be permitted at steep gradients > 20%, considering the increased risk of runoff and erosion
on these slopes. Implementing best management practices such as installing water bars and
soil stabilization on hillsides are also recommended on steep trails. Soil stabilization
includes mulching, rocking, seeding with grasses, or using erosion-resistant fabrics.
3.4.2 Selection of Suitable Equipment
Reducing traffic of heavy machinery reduces the harmful effects on ground
vegetation and forest regeneration. This can be achieved using light equipment, increasing
the number of tires, and using wider tires (Ampoorter et al., 2012). Equipment with wider
tires or tracks placed around wheels can reduce soil compaction compared to equipment
without tracks by displacing machine weight over a greater area than confining it to tires
alone (Greene & Stuart, 1985; Sakai et al., 2008). The effective reduction in compaction
comes from limiting the area of operations for heavy machinery and not necessarily
reducing machine cycles on a given skid trail. Similarly, harvesting on a steep slope
demands suitable harvesting methods and harvesting equipment. The cable logging method
is suited well on steep slope areas because it causes a very low amount of soil disturbance
compared to ground-based logging systems (Schweier & Ludowicy, 2020; Visser &
Stampfer, 2015; Williamson, 1990). The degree of surface disturbance using cable logging
systems is only 1% compared to 5±11% ground-based logging systems (Williamson,
1990). In the southern upland hardwood forest, cable logging is suited well on a slope
greater than 30% (LeDoux et al., 1995). However, the cable logging system is more
expensive than to a ground-based system (Erber & Spinelli, 2020). So, the use of the cable
logging systems on flat terrain are scarce (Schweier & Ludowicy, 2020).
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3.4.3 Avoid Waterlogged Areas
Swampy areas, bottomland hardwood sites, and other wetland areas have saturated
soil for much of the year. The use of equipment with wider wheels or tracks provides low
ground pressure and reduces soil compaction but avoiding logging activities in wet soil or
allowing time to drain off water naturally is the best way to minimize soil compaction risk
(Al-kaisi, 2010; Mahaffey & Evans, 2016).
Logging under dry conditions eliminates intensive site preparation and skid road
rehabilitation costs. In the southern US, shovel logging is mainly used in wet bottomland
hardwoods. If waterlogged areas, swamps, and other low-lying areas subjected to flooding
still need to be harvested, it typically requires the shovel logging method (Mahaffey &
Evans, 2016). In this method, cut trees can be placed on the ground in a serpentine, vertical,
or forwarding pattern to construct a temporary skid trail (Sessions & Boston, 2006). The
skidder uses the same skid trail to harvest and skid timber during wet ground conditions.
These trails are also known as shovel roads. The primary purpose of the shovel road is to
prevent skidders from sinking into the wet ground and to reduce ground pressure caused
by the movement of skidders (Hiesl & Steele, 2020). The shovel logging method has less
impact on the forest soil than other ground based methods (Fisher, 1999). Therefore,
equipment used in shovel logging has a high floatation undercarriage to provide a stable
base to operate on.
3.4.4 Application of Slash and Brush Mats
Many studies have found that soil compaction can be reduced by applying slash
and brush mats and limiting the number of machines passes on a skid trail (Ampoorter et
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al., 2007; Hutchings et al., 2002; Labelle et al., 2019). The use of mats made from treetops
and branches is more effective because the machine’s weight is spread over a greater area
than the actual area of the machine, which reduces the wheel pressure on soil (Hutchings
et al., 2002). For instance, brush mats of 3 to 4 lb/ft2 along machine operating trails have
less amount of soil compaction caused by timber harvesting equipment than the trail
segments with no brush mat (Poltorak et al., 2018). The degree of soil compaction
decreases with the increase in the amount of logging slash applied. Heavy slash (8 lb/ft2)
is more effective in reducing soil compaction than light slash (1.5 lb/ft2) (Han et al., 2009).
The protective role of the brush mat is inevitable when compared to timber
extraction over bare soil. Nevertheless, the application of slash/brush mat cannot prevent
compaction completely because the soil under the brush mats can experience some
compaction to at least 17 inches depth (Hutchings et al., 2002).
3.5 Strategies for the Recovery of Compacted Soil
Forest soil compaction during logging operations is unavoidable. The natural soil
recovery rate depends on the type of soil and depth of the compacted layer, where coarsetextured soils with a shallow compaction depth typically recover faster (Cambi et al., 2015;
Page-Dumroese et al., 2006). In the southern region, the natural recovery rate of compacted
soil is very slow and may require up to 60 years due to the absence of freezing and thawing
cycles (Drissi, 1975; Perry, 1964). The freezing and thawing cycle, macro and microbial
activities, and function of plant roots can naturally improve the compacted topsoil over
time but not the subsoils. Topsoil compaction reduces the soil productivity for a short
period, but the subsoil compaction impedes productivity for decades (Duiker & Micsky,
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2009). Soil compaction should be alleviated by using strategies such as subsoiling to
increase soil productivity.
Subsoiling is an effective technique used to fracture a compacted soil to create
larger pores space to allow better water movement, better aeration, and access to minerals
and nutrients for plant growth (Kees, 2008). Subsoiling should be done as deep as
compaction depth using special equipment called subsoilers (Kees, 2008). To avoid soil
disturbance, subsoiling activities should be performed when the soil moisture content is
neither too wet nor too dry. The suitable time to do subsoiling is in summer or fall (Duiker
& Micsky, 2009). After the subsoiling is done, it is important to establish vegetation to
stabilize the soil to minimize the potential risk of soil erosion. For soil stabilization, South
Carolina’s Best Management Practice has recommended using annual Ryegrass
(5lbs/acre), annual Rye (10lbs/acre) for late summer, fall, and early winter. For spring and
early summer, Browntop Millet (10lbs/acre), Bahia (10lbs/acre) has been recommended.
3.6 Conclusion
Soil compaction has harmful effects on soil quality that increases with the increased
use of heavy machines during logging. Apart from the productivity and cost, landowners,
loggers, and foresters should consider the ecological consequences of the logging
operations. Slope, moisture content, and heavy traffic are significant factors causing soil
compaction during the logging operation. Soil compaction impedes soil productivity and
limits the germination and growth of seedlings and saplings in the forest. It is thus essential
to ensure that logging operations do not negatively impact soil productivity for future
rotations. Soil compaction is caused by many factors that are likely not to be avoided
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entirely but can be mitigated by preventing greater slope, avoiding wet areas, and using
suitable harvesting equipment. Forest landowners and managers should assess how their
harvesting activities might impact the soil conditions and plan to implement site-specific
best management practices to minimize and mitigate these impacts.
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CHAPTER IV
CONCLUSIONS AND FUTURE WORKS

4.1 Conclusions
This thesis presented the operational and environmental impacts of whole tree
harvesting in the Southern US. In chapter I, different Linear regression models were
developed, and the cube-root transformed model was selected as a decision-supporting tool
for biomass harvesting in the restoration efforts. The model helps landowners, consulting
foresters, and loggers decide between pulpwood harvest and biomass harvest and maximize
their economic return from timber harvesting operations. From the application of models,
trucking distance and the delivered price were found to be significant factors to consider
before making a harvesting decision. Incorporating the information about the biomass
markets, number of pulp mills, and trucking distance from the forest stand to the respective
market; the models can further be used to make the harvesting plans at the state level.
Furthermore, the profit from a given harvesting system directly relates to the delivered
price of the products. Variation in the type of species and the age at harvesting affects the
quality of the products affecting its market demand and delivered price.
In chapter II, literature about the whole tree harvesting was reviewed and the major
factors affecting productivity and cost in the whole tree harvesting system were explained.
High productivity results in a lower cost and can be obtained by maximizing unit
production by using technically efficient harvesting equipment, eliminating greater slope,
and using skilled operators. This chapter can inform landowners, consulting foresters, and
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loggers to be aware of specific challenges that a forest stand will allow and can help to
determine productivity and cost expectations for a given harvest, and ultimately a realistic
stumpage value.
In chapter III, the impact of timber harvesting on soil compaction was introduced.
Past studies on timber harvesting reported that mechanization of timber harvesting not
only improves the productivity of the harvesting system but also has the potential to cause
soil compaction. Factors such as soil texture and soil structure, type of harvesting
equipment, number of machine cycles, a season of harvesting, and slope cause soil
compaction during harvesting. This chapter will help landowners understand the common
limitations of a timber harvest that can be discussed with a forester or loggers before
making any harvesting decision. Pre-harvest plans, post-harvest plans, and the
implementation of best management practices during harvesting can prevent negative
environmental consequences of harvesting. Although a lot of information about soil
compaction by timber harvesting has already been published by the studies conducted in
other states, there are very few publications based on South Carolina. Therefore, the
importance of periodic study about the impact of harvesting on soil compaction based on
the site condition, stand condition, and the type of equipment is necessary. Generating
economic benefits from forest harvesting practices without causing any damage to the
forest soil or other resources is a key to sustainable forestry.
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4.2 Future Works
4.2.1 Wood Chip Quality Assessment
Global warming and climate change have been a burning topic among
conservationists, leaders, and people. The main causes of greenhouse gas emissions are the
burning of fossil fuels for electricity, heat, transportation, industrial pollution, and land-use
changes. For more than a century, burning of fossil fuels has generated most of the energy.
In 2019, above 80% of the total world energy came from fossil fuels
https://ourworldindata.org/fossil-fuels. Many countries aim to substitute fossil fuel with
bioenergy to reduce energy consumption and mitigate carbon emissions. European Union
has announced plans to generate at least 32% of the electricity from renewable sources by
2030 (Eurostat, 2020). In the United States, the Energy Independence and Security Act was
introduced in 2007 with the objectives to promote bioenergy through biofuel production.
As climate change is a serious concern, people are also interested in using
renewable bioenergy instead of fossil fuels. According to the International Energy Agency
report in 2017, biomass accounts for 10.3% of the world’s energy production. Forest
produces biomass for energy use primarily in the form of wood chips. The main objective
of producing wood chips is to prepare feedstock for energy plants for energy production.
Wood pellets are a densified form of wood chips also being utilized for energy production
(Wilson, 2010). The utilization of wood chips and wood pellets as a source of bioenergy
helps to substitute fossil fuel, reduce carbon emission, and enhance landowner’s
profitability by using logging residues (Nesbit et al., 2011; Vogt et al., 2005).
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In chapter I, the models for each harvesting systems were developed to predict the
stumpage value without considering the wood chips quality. However, variation in the
type of materials producing wood chips may result in variation in the quality and cost of
the wood chips by affecting bulk density, binding capacity, and mechanical durability
(Kofman, 2006; Lee, 2015; Wilson, 2010). Consequently, it affects the quality and cost of
the resultant fuel energy (Gendek & Nurek, 2016; Lieskovský et al., 2017). Therefore, the
wood energy market to compete with the fossil fuels market, needs to produce wood energy
with better calorific value in a sustainable manner (Lieskovský et al., 2017).
A variety of factors can influence the quality of wood chips. The key variables in
terms of site and stand conditions are the type of species, stand density, age of the stand,
and average stem size (Fuller, 2012; Kofman, 2006). Species are a significant factor
affecting wood chip quality. The common types of species found in South Carolina are
loblolly pine, longleaf pine, shortleaf pine, oak species, yellow poplar, etc. Different
species have different characteristics such as growth rates, branch thickness (Hiesl, 2013).
Trees naturally have bark which lowers the quality of wood chips (Fuller, 2012). Even after
debarking, the wood chips may contain at least 0.5% of the bark (Fuller, 2012). High
moisture content and contaminations also have a negative impact on the quality of wood
chips (Gendek & Nurek, 2016; Lieskovský et al., 2017). Similarly, the age of the species
affects the green matter content, which consequently affects the quality of wood by
influencing the size and uniformity of chips (Fuller, 2012). As a result, wood chip size also
affects the strength and durability of the wood pellet or other products made from wood
chips (Wilson, 2010). Among the two common types of wood chipper, disc chipper and
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drum chipper, disc chipper produces uniform size chips (Kofman, 2006). Stand density in
natural or pine plantations can also affect the wood chip quality based on the growing space
and the diameter of the tree. Therefore, it is important to collect information about all these
factors to understand the wood chip quality.
Before harvesting, the information about the stand, such as type of species, age of
the stand, density, average diameter of trees in the stand, the silvicultural system used,
elevation, slope, and the type of wood chipper, should be recorded. During harvesting that
is integrated with wood chipping, wood chip samples of each stand can be collected from
the conveyor belt of the wood chipper (Clement et al., 2008). A 10-foot section of 6-inch
diameter PVC pipe with a 90-degree elbow on end can also be used to collect chips directly
from the discharge stream of the chipper (Meyer, 2011). The collected wood chip samples
go to the laboratory for further analysis.
The quality of wood chips can be determined by the laboratory analysis of moisture
content, calorific value, sulfur, chloride content, ash content, and size distribution (Gendek
& Nurek, 2016). Once the laboratory analysis is performed, various statistical analyses can
be conducted to know if there is any difference in the wood chip quality among the stands,
species, and silvicultural systems. Later, two stands can be compared to understand the
factors that have affected the wood chip quality.
If this research is conducted, it may result in the factors that affect the quality of
wood chips produced. This study will have significant importance in finding new ways of
energy production to improve energy security for the future. Considering the importance
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of this study, the research can further be aimed to investigate the possible difference in
wood chips quality produced in different US states.
4.2.2 Soil Compaction Associated with Logging Operations
Logging operations in the southern US are heavily mechanized. Heavy machines
for logging can cause potential negative environmental impacts such as soil compaction
(Cambi et al., 2015). Logging activities like the construction of forest roads and skid trails,
skidding, and movement of machines during harvesting are potential causes of soil
compaction (Ampoorter et al., 2012; Cambi et al., 2015). Soil Compaction is a direct effect
of using heavy machinery that can alter the physical properties of the forest soil.
Consequently, it hinders root penetration and growth and leads to plant mortality (Pinard
et al., 2000).
There has been improvement in the harvesting equipment and harvesting
techniques to increase efficiency, productivity, and fuel consumption (Anderson &
Mitchell, 2016). Therefore, an updated assessment and periodic monitoring of the design
of the equipment (weight, its load-bearing capacity, number of wheels) and their
productivity would be valuable to assess their impacts on forest soil. From the literature
review in chapter III, I realized a need for quantitative analysis of soil compaction
corresponding to the site condition and harvesting equipment in mountains, piedmonts, and
coastal regions of South Carolina. If this research is conducted, it may give information
about the degree and extent of soil compaction by logging operations in South Carolina
soil.

63

APPENDICES

Appendix A
Site Index 55
Biomass value is less than pulpwood value and distance to biomass market at 64 km

Figure A.1: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 55
Biomass value is less than pulpwood value and distance to biomass market at 97 km

Figure A.2: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 55
Biomass value is equal to pulpwood value and distance to biomass market at 64 km

Figure A.3: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 55
Biomass value is equal to pulpwood value and distance to biomass market at 97 km

Figure A.4: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 55
Biomass value is higher than pulpwood value and distance to biomass market at 64 km

Figure A.5: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 55
Biomass value is higher than pulpwood value and distance to biomass market at 97 km

Figure A.6: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Appendix B
Site Index 65
Biomass value is less than pulpwood value and distance to biomass market at 64 km

Figure B.1: Estimated stumpage values between the conventional and biomass harvesting
system for a biomass value lower than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 65
Biomass value is less than pulpwood value and distance to biomass market at 97 km

Figure B.2: Estimated stumpage values between the conventional and biomass harvesting
system for a biomass value lower than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 65
Biomass value is equal to pulpwood value and distance to biomass market at 64 km

Figure B.3: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 65
Biomass value is equal to pulpwood value and distance to biomass market at 97 km

Figure B.4: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 65
Biomass value is higher than pulpwood value and distance to biomass market at 64 km

Figure B.5: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 65
Biomass value is higher than pulpwood value and distance to biomass market at 97 km

Figure B.6: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 97km (60 miles).

75

Appendix C
Site Index 85
Biomass value is less than pulpwood value and distance to biomass market at 64 km

Figure C.1: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 85
Biomass value is less than pulpwood value and distance to biomass market at 97 km

Figure C.2: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 85
Biomass value is equal to pulpwood value and distance to biomass market at 64 km

Figure C.3: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 85
Biomass value is equal to pulpwood value and distance to biomass market at 97 km

Figure C.4: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 85
Biomass value is higher than pulpwood value and distance to biomass market at 64 km

Figure C.5: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 85
Biomass value is higher than pulpwood value and distance to biomass market at 97 km

Figure C.6: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Appendix D
Site Index 95
Biomass value is less than pulpwood value and distance to biomass market at 64 km

Figure D.1: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 95
Biomass value is less than pulpwood value and distance to biomass market at 97 km

Figure D.2: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value lower than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 95
Biomass value is equal to pulpwood value and distance to biomass market at 64 km

Figure D.3: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 95
Biomass value is equal to pulpwood value and distance to biomass market at 97 km

Figure D.4: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value equal to pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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Site Index 95
Biomass value is higher than pulpwood value and distance to biomass market at 64 km

Figure D.5: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 64 km (40 miles).
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Site Index 95
Biomass value is higher than pulpwood value and distance to biomass market at 97 km

Figure D.6: Estimated stumpage values for the conventional and biomass harvesting
systems for a biomass value higher than pulpwood value and a distance to a biomass market
of 97 km (60 miles).
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